The coenzyme A (CoA)-linked butyraldehyde dehydrogenase (BAD) from Clostridium acetobutylicum was characterized and purified to homogeneity. The enzyme was induced over 200-fold, coincident with a shift from an acidogenic to a solventogenic fermentation, during batch culture growth. The increase in enzyme activity was found to require new protein synthesis since induction was blocked by the addition of rifampin and antibody against the purified enzyme showed the appearance of enzyme antigen beginning at the shift of the fermentation and increasing coordinately with the increase in enzyme specific activity. The CoA-linked acetaldehyde dehydrogenase was copurified with BAD during an 89-fold purification, indicating that one enzyme accounts for the synthesis of the two aldehyde intermediates for both butanol and ethanol production. Butanol dehydrogenase activity was clearly separate from the BAD enzyme activity on TEAE cellulose. A molecular weight of 115,000 was determined for the native enzyme, and the enzyme subunit had a molecular weight of 56,000 indicating that the active form is a homodimer. Kinetic constants were determined in both the forward and reverse directions. In the reverse direction both the V,ax and the apparent affinity for butyraldehyde and caproaldehyde were significantly greater than they were for acetaldehyde, while in the forward direction, the Vmax for butyryl-CoA was fivefold that for acetyl-CoA. These and other properties of BAD indicate that this enzyme is distinctly different from other reported CoA-dependent aldehyde dehydrogenases.
Recently, there has been renewed interest in the obligate anaerobe Clostridium acetobutylicum and its ability to ferment carbohydrates to acetone, butanol, and ethanol (21) . From an applications point of view, it is important to maximize the efficiency of production of desired products and to be able to control the ratios of products based on demand (2) . To this end it is essential to understand the regulation of the activity and the amount of the key enzymes that catalyze the fermentation. It has been known for some time that, during this saccharolytic fermentation, C. acetobutylicum undergoes a shift from producing acetate and butyrate to forming butanol, ethanol, and acetone (10) . The biochemical pathways for both modes of fermentation have been defined in a general way, and there has been some work done on elucidating the signals which affect the shift from acidogenic to solventogenic fermentation (for reviews, see references 17 and 21). Significant progress has been reported on the analysis of the enzyme activities involved in the acidogenic stage of fermentation, in particular, the acyl kinases and phosphoacetyltransferases from C. acetobutylicum and other clostridia that are involved in acetate and butyrate synthesis (5, 12, 13, 26, (28) (29) (30) . However, only the coenzyme A (CoA)-linked aldehyde dehydrogenases from Clostridium kluyveri (19, 25) and Escherichia coli (8, 9, 23, 24) have been purified and characterized extensively, and they are quite different than the enzyme butyraldehyde dehydrogenase (BAD) from C. acetobutylicum that we report here. Preliminary studies of BAD activity changes during fermentation by C. acetobutylicum have been reported (1, 13) , although it was apparent that there were difficulties with the assay conditions. Similarly, studies on the alcohol dehydrogenases of Clostridium beijerinkii (Clostridium butylicum) (16) and C. acetobutylicum (22) We report here the induction of BAD activity and enzyme protein in cells just prior to solvent production and the purification and properties of BAD. We conclude that the CoA-linked BAD is most likely the branch-point enzyme for both ethanol and butanol synthesis from acetyl-CoA and butyryl-CoA. Furthermore, the properties of the BAD from C. acetobutylicum indicate that it is significantly different from other reported CoA-linked aldehyde dehydrogenases.
(Parts of this study were reported earlier [N. Palosaari and P. Rogers 27 ,000 x g and 4°C. The clear supernatant (crude extract) was pipetted off and either used immediately for chromatography or quick-frozen on dry ice and stored at -80°C.
(ii) Anion-exchange chromatography. All steps in the purification of enzymes were performed at 4°C. Crude extract (60 ml; about 720 mg of protein) was applied to a column of Cellex T (TEAE cellulose; 6 by 18 cm; Bio-Rad) that was equilibrated with 10 mM potassium phosphate buffer with 10 mM 2-mercaptoethanol (KPM buffer; pH 7.4). The column was eluted at 75 mI/h with a linear gradient of 0.0 to 0.6 M KCI in column buffer (total volume, 1,500 ml), and 8-ml fractions were collected.
(iii) Gel filtration. The activity peak from the anionexchange column was pooled and concentrated in a stirred cell concentrator (Amicon) by using a PM10 tnembrane. The (18) . Silver staining was done by the procedure of Guevara et al. (11) .
Enzyme assays. Aldehyde dehydrogenase activity was measured in the reverse direction (aldehyde-oxidizing direction; see Table 3 ) in 1.0-ml reaction mixtures containing potassium 2-(N-cyclohexylamino)ethane sulfonate (CHES; pH 9.0; 50 ,umol), NAD (1.0 ,umol), dithiothreitol (10 ,umol) , CoA (reduced form; 0.2 ,umol), protein (2.5 to 250 jig), and butyraldehyde or another aldehyde (10 ,umol) . The assay solutions were preincubated for 10 min at room temperature before the reaction was initiated by the addition of aldehyde. Enzyme activity was measured by NADH formation, as determined by measuring the increase in the A340 (14) on a spectrophotometer (Response II; Gilford Instrument Laboratories, Inc., Oberlin; Ohio) with a kinetic program. The aldehyde dehydrogenase was assayed in the forw'ard direction in 1.0-ml reaction mixttures containing MOPS (ph 7.0; 50 ,umol), NADH (0.32 ,umol), acyl-CoA (0.2 ptmol), and affinity gel-purified BAD (3.0 to 12 ,ug). The reaction was initiated by the addition of the acyl-CoA (butyryl-CoA or acetyl-CoA), and the activity was determined by measuring the rate of NADH oxidation, as described above for the assay in the reverse direction. In both assay directions, 1 U of enzyme activity was defined as the amount of enzyme required to form or oxidize 1 ,umol of NAD(P)H per min.
The NADP-dependent alcohol dehydrogertase (alcohol:
was assayed in the reverse direction (alcohol-oxidizing direction), with 50 mM n-butanol used as the substrate (butanol dehydrogenase), as described previously (22) . One unit of activity was the same as that defined above for the aldehyde dehydrogenase. PBT was assayed in the reverse direction, as described previously (22) . One unit of activity was defined as the amount of enzyme required to form 1 ,umol of acyl-CoA per min.
In situ activity assay. Immediately after nondenaturing electrophoresis gels were run, they were placed in 20 ml of the aldehyde dehydrogenase assay mixture described above for the reverse direction. The gels were preincubated for 5 min before the aldehyde was added. The gels were then incubated for 15 to acetobutylicum. A batch fermentation by C. acetobutylicuim was carried out in YEM with 5% glucose. The medium was inoculated with 2.5% (vol/vol) of a freshly heat-shocked spore culture in the same medium and grown at 37°C. At the indicated times, samples were removed, cells were harvested, crude extracts were prepared, and BAD specific activity (O) was determined as described in the text. The concentrations (in millimolar) of butanol (A) and butyrate (A) in the medium were determined by gas chromatography. Culture turbidity (0) was measured at an A6. in a Klett-Summerson colorimeter, in which 0.2 optical density units = 2.5 x 108 CFU/ml. glass dish. Activity was detected by observing the fluorescence of NADH under long-wave UV light. Protein determination. Protein concentrations were determined by the dye-binding method of Bradford (6) , with bovine serum albumin used as the standard.
Antibody production. Purified BAD (50 to 100 ,ug) in Freund incomplete adjuvant was administered subcutaneously to New Zealand White rabbits. Four injections were administered at 2-week intervals. Rabbits were bled 7 days after the fourth injection. Antisera were prepared and were assayed for anti-BAD antibody by double radial immunodiffusion by standard procedures (15) . The antisera gave a precipitin band when assayed with 90 ng of the purified BAD enzyme.
Determination of fermentation products. The concentrations of butyrate and butanol were determined on extracted samples of the culture supernatants after cells were removed by gas-liquid chromatography with a thermal conductivity detector by previously described methods (22) . The concentrations of butyrate and butanol were calculated by comparison with standards that were extracted as described above for culture samples and were expressed as millimolar in the original culture medium.
RESULTS
Induction of CoA-linked BAD. The CoA-linked BAD was found to be an inducible enzyme. The approximately 200-fold rise in specific activity for BAD correlated with the transition period or switch of the fermentation between acid and solvent production (Fig. 1) . During this time, the cells completed exponential growth but continued a linear mass increase, halted the net synthesis of butyrate, and commenced butanol synthesis immediately following the rise in BAD specific activity (Fig. 1) . The NADP-specific butanol dehydrogenase activity was found to be induced simulta- neously with BAD (data not shown). The induction of BAD was blocked by the addition of rifampin (2 lLg/ml of culture; Fig. 2) . Similarly, the induction of BAD was blocked by chloramphenicol (100 ,ug/ml). We noted that not only was the rise in specific activity blocked by the addition of rifampin but following the addition of these inhibitors there was also a fairly rapid drop in the specific activity of BAD. We did not study this further. In contrast to BAD, the specific activities of PBT and butyrate kinase (the enzymes required for butyrate formation) remained relatively constant over the entire course of the fermentation, with only a two-to fourfold variation in specific activity (data not shown) (5) . Further evidence for the induction of new enzyme protein came from results of the double radial immunodiffusion assay (15) (Table 1) . When cell samples removed during the fermentation (Fig. 1) were reacted with anti-BAD antiserum, precipitin bands were revealed that correlated with the rise in the specific activity of BAD. We reported previously (22) that extracts of a nonsporulating, nonsolventogenic mutant of C. acetobutylicum (strain 6A) contained no detectable BAD activity. Extracts of strain 6A from various stages of fermentation at any dilution were found to be devoid of BAD antigen when the same antiserum was used.
Purification of CoA-linked BAD from C. acetobutylicum. The BAD enzyme was purified 89-fold from crude extracts of C. acetobiutylicum by the procedures described above ( Table   2 ). The final product was greater than 95% pure, as indicated by silver staining of sodium dodecyl sulfate-polyacrylamide gels after electrophoresis (Fig. 3B ). Since the fermentation by C. acetobutylicum produces ethanol as well as butanol, it was possible that this bacterium might produce two separate aldehyde dehydrogenase enzymes. However, the activity for acetaldehyde dehydrogenase was found to copurify with BAD activity, since the proportion of the two activities remained constant throughout the purification procedure (Table 2) . Anion-exchange chromatography also revealed a single, fairly symmetrical peak of BAD activity that coeluted with acetaldehyde dehydrogenase activity (Fig. 4) . Following electrophoresis in a nondenaturing gel, the in situ assay of BAD and acetaldehyde dehydrogenase activities showed only a single band of activity at the same position (Fig. 3A) , indicating that a single enzyme protein carries both activities.
Previous reports indicate that the CoA-linked aldehyde dehydrogenase and alcohol dehydrogenase activities of E. coli (23, 24) and C. kluyveri (19) may exist as a single protein.
In the case of C. acetobutylicum, we found that these two activities were well separated by anion-exchange chromatography (Fig. 4) , thereby indicating that there are discrete proteins for each enzyme activity. We also found that the stabilities of these two activities are very different. The alcohol dehydrogenase is much less stable, with a half-life of 8 h at 0°C in crude extracts, while BAD has a half-life of greater than 3 days at 0°C.
Properties of BAD. Under denaturing conditions the purified enzyme migrated as a single 56-kilodalton (kDa) polypeptide (Fig. 3B) , while by gel filtration on a P200 column (2.5 by 45 cm; see above) the native active enzyme migrated as a 115-kDa protein (data not shown), indicating that the native form of BAD is most likely a homodimer.
The effect of pH on enzyme activity was assayed in the reverse direction, and maximum activity occurred at about 3 ,ug) and the Cellex T step (6 pLg) (see Table 2 ), respectively, and assayed for BAD; lanes 3 and 4, enzyme preparations (0.3 and 6 pug, respectively) assayed for acetaldehyde dehydrogenase activity. The While it was necessary to add high concentrations of sulfhydryl reagent (2-mercaptoethanol or dithiothreitol) to detect activity in the crude extract, it was not required for activity assays with the purified enzyme, although it did help to maintain enzyme activity. There was no apparent requirement for metals with this enzyme, since there was no enhancement of activity when Zn2+, Mg2+, or Fe3" was added and no loss when 1 mM EDTA was added.
Kinetic analysis. As demonstrated by the Km values (Table  3) , the apparent affinity of NAD+ and NADH for BAD was far greater than that of NADP+ and NADPH. It was also found that CoASH inhibited the reaction at concentrations above 0.3 mM, which has been reported for another clostridial CoA-linked aldehyde dehydrogenase (25) . In the reverse direction, BAD catalyzed the oxidation of several (1, 4) destabilized the enzyme and did not permit the detection of significant activity. In contrast, butanol dehydrogenase activity survived well in extracts made with Tris buffer and was catalytically active in the same buffer. We do not know the reasons for these differences, but these data strengthen the view that for C. acetobutylicum, these dehydrogenases are separate proteins.
In comparison with two of the well-studied CoA-linked aldehyde dehydrogenases from C. kluyveri and E. coli, the BAD from C. acetobutylicum is significantly different. The apparent molecular weight for the enzyme from E. coli is about 200,000; this appears to be a double-headed enzyme that carries both alcohol dehydrogenase and CoA-linked aldehyde dehydrogenase activities (8, 9, 23, 24) . The CoAlinked aldehyde dehydrogenase of C. kluyveri apparently "The enzyme preparation used was purified to 11.1 U/mg of protein ( Table  2 ). Activities were assayed as described in the text, and the kinetic values were determined by a double-reciprocal plot of velocity versus substrate concentration.
' Vl,,,, values for the reverse direction were determined by secondary plots of y intercepts (from a series of primary double-reciprocal plots) versus the reciprocal of substrate concentration, as described previously (25) . exists in two forms. A soluble form has a reported molecular weight of 290,000 (25) , which is more than twice the molecular weight we found for BAD, and has negligible alcohol dehydrogenase activity, like BAD. Also, there has been reported (19) a particulate form from C. kluyveri that is 194 kDa, that is composed of two different subunits (55 and 42 kDa), and that contains acetaldehyde and alcohol dehydrogenase activities. The particulate form from C. kluyveri is interesting in two respects. First, the larger subunit is very similar in size to the C. acetobutylicum BAD subunits (56 kDa); and second, both enzymes exhibit a higher apparent affinity for NAD(H), but both can also utilize NADP(H). In contrast, the soluble enzymes from C. kluyveri and E. coli were specific for NAD+ and inactive with NADP+ (23, 24) . The enzyme from C. acetobutylicum had a much lower Km for NAD(H) than for NADP(H), both in the forward and reverse directions (Table 3) . However, in the forward direction the Vmax for NADPH was slightly higher than that for NADH, a curious property that has not been reported for other CoA-linked aldehyde dehydrogenases. The enzymes from C. kluyveri and C. acetobutylicum are quite different in their activities with different aldehydes. The Km values for acetaldehyde, propionaldehyde, and butyraldehyde are 1.5, 4.5, and 11.0 mM, respectively, for the C. kluyveri enzyme (7), while our data for the enzyme from C. acetobutylicum showed just the opposite trend for K,n versus chain length of the aldehyde (Table 3 ). The decrease in activity with aldehydes from acetaldehyde to butyraldehyde has been reported with the enzyme from E. coli B, although Km values were not given (23) .
Our examination of the Kin values for acetyl-CoA and butyryl-CoA by assaying BAD in the forward direction revealed almost identical values (0.055 and 0.045 mM, respectively), which were only slightly higher than those for CoA in the reverse direction (0.045 mM) ( Table 3 ). The relative turnover rates (Vmax) for butyryl-CoA to acetyl-CoA of 5.5 to 1 that we reported here could potentially produce the same ratio for the turnover of butyraldehyde to acetaldehyde. Thus, BAD may ultimately be responsible for the final observed molar ratio of 6:1 for butanol to ethanol during the typical AEB (acetone-ethanol-butanol) fermentation (for a review, see references 17 and 21). Recent data from our laboratory for C. acetobuttylicum (22) and others for C. beijerinkii (C. butylicum) (16) indicate that only a single NADPH-dependent alcohol dehydrogenase is produced by these bacteria. The kinetic properties of the alcohol dehydrogenase from C. acetobutylicum and the possible role it may play in modulating the stoichiometry of alcohol production from the aldehydes produced via BAD are unknown.
The stability characteristics, the requirement for thiol reagents, the pH optima, and the K., values for CoA of the CoA-linked aldehyde dehydrogenases from E. coli (8, 23) and C. kluyveri (25) reported previously are similar to those we have reported here. On the other hand, the kinetic characteristics, which show a preference for longer-chain substrates by affinity (reverse direction) or Vmax (forward direction), lead to the conclusion that the BAD of C. acetobutylicum is distinctly different from other CoA-linked acetaldehyde dehydrogenases (EC 1.2.1.10) from bacteria which must deal only with the interconversion of acetyl-CoA and ethanol.
